Abstract Ok, C.-H., Popko, J. T., Jr., Campbell-Nelson, K., and Jung, G. 2011. In vitro assessment of Sclerotinia homoeocarpa resistance to fungicides and plant growth regulators. Plant Dis. 95:51-56. Dollar spot (caused by Sclerotinia homoeocarpa) is the most economically important turfgrass disease in North America. This disease is primarily controlled by fungicide applications on golf courses; however, fungicide resistance has been confirmed in three of the four systemic fungicide classes commonly used to control dollar spot. The main objective of this study was to evaluate S. homoeocarpa sensitivity to multiple chemical classes and cross-resistance among active ingredients within the same class; in particular, the association between the fungistatic effect of demethylation inhibitors (DMIs) and plant growth regulators (PGRs). Fifty-eight isolates were selected arbitrarily from four locations in the United States and assayed for in vitro sensitivity to six DMI, two dicarboximide, one carboximide, and one benzimidazole fungicide as well as three type II PGRs. A series of concentrations for each active ingredient was used to determine the mean 50% effective concentration (EC 50 ) values and correlation coefficients were calculated for all active ingredients. The EC 50 values of all active ingredients from the DMI class were highly correlated (P < 0.0001) to each other as well as to the one dicarboximide (iprodione) and two PGRs (flurprimidol and paclobutrazol). Isolates resistant to thiophanatemethyl had significantly higher EC 50 values than sensitive isolates for all active ingredients assayed except for boscalid. Findings showed that multiple and cross-resistance has developed in S. homoeocarpa and that the two PGRs have a fungistatic effect on this pathogen similar to that of DMI fungicides. The high correlation of in vitro sensitivities among PGRs and DMI fungicides further suggests that PGRs may contribute to the selection of DMI-resistant isolates or facilitate decreased sensitivity to DMI fungicides in the field.
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Sclerotinia homoeocarpa F.T. Benn., the causal agent of dollar spot, is a common and economically challenging turfgrass disease in North America (8, 36, 37) . More money is spent to control S. homoeocarpa than any other disease in finely managed turfgrass such as golf courses (17) . S. homoeocarpa causes significant damage to turfgrass swards from May to October in the northeastern United States; therefore, multiple fungicide applications are required to maintain satisfactory turfgrass quality throughout the growing season (31) .
There are numerous reports of resistance to the benzimidazole (3, 38, 39) , dicarboximide (22) and demethylation inhibitor (DMI) fungicide classes in S. homoeocarpa (3, 9, 16, 18, 21, 27) . Jo et al. (21) reported that as few as two sequential benzimidazole applications can lead to a population that is nearly 100% resistant, whereas DMI resistance in the populations studied was more gradually selected. Hsiang et al. (18) reported that isolates of S. homoeocarpa obtained from golf courses repeatedly exposed to DMI fungicides for 10 years showed decreased in vitro sensitivity to DMIs. S. homoeocarpa isolates with multiple resistance to DMI, benzimidazole, or dicarboximide classes have been reported (3, 9, 27) . Fungicide resistance has emerged as an increasing problem in turfgrass; however, a comprehensive study evaluating resistance of S. homoeocarpa isolates to multiple fungicide classes and cross-resistance of active ingredients within the same fungicide class has yet to be conducted.
Plant growth regulators (PGRs) have been used with increasing frequency in intensively managed turf to control Poa annua seed head production and reduce mowing frequency, clipping yield, and labor inputs (2, 10, 40) while increasing turf density and quality (11, 33, 34) . PGRs are classified as type I or type II based on their mode of action. Type I PGRs such as maleic hydrazide, chlorflurenol, amidochlor, and mefluidide inhibit cell division and have become less commonly used because they can decrease turfgrass root and shoot quality (40) . Type II PGRs, including paclobutrazole, flurprimidol, and trinexapac-ethyl, inhibit gibberellic acid (GA) biosynthesis and, therefore, reduce cell elongation. Type II PGRs are more commonly used on golf courses today. Previous research has indicated that GA-inhibiting PGRs have a fungistatic effect on S. homoeocarpa that results in disease suppression and enhanced duration of control when tank-mixed with a fungicide (5, 12, 15) . PGRs have been examined for disease suppression of other turfgrass diseases such as brown patch (Rhizoctonia solani) (4), gray leaf spot (Pyricularia grisea) (26, 35) , and anthracnose (Colletotrichum cereale) (20) . Flurprimidol and paclobutrazole have pyrimidine-and triazole-based structures, respectively, that are chemically related to the DMI class, and have been found to reduce the mycelium growth of S. homoeocarpa during in vitro sensitivity assays (13, 24) . Therefore, an association with fungicide resistance development may exist between DMI fungicides and PGRs; however, this possibility has yet to be explored.
The objective of this study was to evaluate S. homoeocarpa isolates for resistance to multiple chemical classes and crossresistance among active ingredients within classes of six DMI, two dicarboximide, one carboximide, and one benzimidazole fungicide as well as three type II PGRs.
Materials and Methods
Isolate selection. The 58 isolates used in this study (Table 1) were selected arbitrarily from multiple population distribution studies in Massachusetts, Ohio, and Wisconsin (21) (22) (23) 28 (28) . The fact that these isolates were obtained from turf swards in several regions, with differing prior exposure to fungicides, may have influenced sensitivity to fungicides observed in this study.
Fungal isolation. S. homoeocarpa isolates were recovered from individual symptomatic leaf blades using methods described by Jo et al. (22) and Koch et al. (23) . In brief, symptomatic leaf blades were individually sampled from S. homoeocarpa infection centers and isolated within 24 h. After individual leaf blades were surface sterilized in 3% sodium hypochlorite solution, rinsed in sterile deionized water, and dried on sterile filter paper, they were placed on acidified potato dextrose agar (APDA). Petri plates were wrapped in Parafilm and stored at 25 to 28°C for 48 h under a 12-h cycle of light and darkness. After 2 days' growth on APDA, S. homoeocarpa isolates were identified based on colony morphology and comparison to reference isolates. Pure cultures of S. homoeocarpa were obtained by subculturing hyphae from the edge of an actively growing colony and transferring to potato dextrose agar (PDA) petri plates. Petri plates were then wrapped in Parafilm and stored at 25 to 28°C under a 12-h cycle of light and darkness for 2 to 3 days prior to in vitro sensitivity assays.
In vitro sensitivity assays. In vitro sensitivity assays were conducted with six DMI fungicides (metconazole, myclobutanil, propiconazole, tebuconazole, triadimefon, and triticonazole), two dicarboximide fungicides (iprodione and vinclozolin), one carboximide fungicide (boscalid), one benzimidazole fungicide (thiophanate-methyl), and three type II PGRs (flurprimidol, paclobutrazol, and trinexapac-ethyl). Fungicide-and PGR-amended PDA was used for in vitro sensitivity assays. Sterile deionized water was used to perform 10-fold serial dilutions of the commercial formulations of the fungicides and PGRs assayed ( Table 2) . After fungicide and PGR dilutions were added to autoclaved PDA medium that had been cooled to 55 to 65°C, the medium was poured into plates and stored at 2°C until in vitro assays were conducted.
Isolates were grown on PDA at 25 to 28°C under a 12-h cycle of light and darkness for 48 h prior to in vitro assays. Agar plugs (5 mm in diameter) were transferred from the margins of actively growing cultures to the center of fungicide-and PGR-amended PDA and nonamended PDA Petri plates and allowed to grow again for 48 h at 25 to 28°C. Transferred isolates were replicated twice and two separate experimental runs were conducted for a total of four plates per isolate. Nonamended PDA petri plates served as the control. Three radial points located approximately 120° apart on the circumference of the actively growing S. homoeocarpa mycelium colonies were marked and radial growth (in millimeters) was measured 48 h after transfer. For each isolate, the average radial growth on amended PDA was divided by the average nonamended radial growth and multiplied by 100 to give a relative mycelium growth (RMG) percent value.
Screening for mean 50% effective concentration value and statistical analysis. Individual isolates (n = 58) grown on a range of fungicide or PGR concentrations were used to determine mean 50% effective concentration (EC 50 ; µg a.i. ml -1 ) for each chemical ( Table 2 ). EC 50 is defined as the effective concentration of the active ingredient in vitro that inhibits mycelium growth by 50%. Analysis of variance was conducted to determine significant differences among mean EC 50 values for the 12 active ingredients, and Tukey's honest significant difference test was used for mean separation. Due to the qualitative nature of thiophanate-methyl resistance, EC 50 values were not calculated and resistance was measured as presence or absence of mycelial growth on PDA medium amended with thiophanate-methyl at 1,000 µg a.i. ml -1 . For all other fungicides and PGRs, linear or quadratic regressions were conducted to determine the relationship between percent RMG and serial dilutions of each compound tested using PROC REG (30) . Linear regressions were used for all active ingredients except trinexapac-ethyl, for which a quadratic regression was chosen due to the lower error variance of the quadratic model (Fig. 1) . Pairwise correlation coefficients (r) were estimated between log 10 EC 50 values for all active ingredients (except thiophanate-methyl) of 58 S. homoeocarpa isolates using PROC CORR (30). y Cultural management regime from which the isolates were sampled. z Isolates were placed on potato dextrose agar medium amended with thiophanate-methyl at 1,000 µg a.i. ml -1 . Resistance was measured on the basis of growth (resistant) or no growth (sensitive) 48 h after isolates were placed on thiophanate-methyl amended medium.
Results
Determination of EC 50 values. All active ingredients significantly suppressed mycelial growth of S. homoeocarpa within the respective concentration ranges tested. EC values (EC 50 µg a.i. ml -1 ) for the nine different fungicide and three PGR active ingredients assayed were significantly different (P < 0.0001) ( Table 3 ). The EC 50 value for the active ingredient trinexapac-ethyl was significantly higher than all fungicide and other PGR active ingredients tested. The EC 50 value of the active ingredient boscalid was also significantly higher than all other fungicides and the PGR paclobutrazol. The EC 50 values within all DMI and dicarboximide fungicides and the PGRs (flurprimidol and paclobutrazole) were not significantly different from one another and represented the lowest EC 50 values in this study.
Evaluation of multiple resistance with thiophanate-methyl. Isolates sampled from the Ohio region (22) and from the O. J. Noer Facility (Verona, WI) (23) contained a high percentage of isolates resistant to thiophanate-methyl (Table 1) . Of 58 isolates, 23 (39.6%) exhibited growth on thiophanate-methyl-amended medium and were classified as resistant isolates. Single-factor analysis of variance was used to evaluate the association between thiophanate-methyl resistance and EC 50 values of S. homoeocarpa isolates for each of the active ingredients (Table 4) . EC 50 values of all active ingredients assayed except for boscalid were significantly higher (P < 0.005) in isolates resistant to thiophanate-methyl than in sensitive isolates. In contrast, thiophanate-methyl-sensitive isolates had significantly higher EC 50 values of boscalid than resistant isolates.
Correlation of in vitro sensitivities within and between fungicides and PGR groups. Pairwise comparisons of the log 10 -transformed EC 50 values were evaluated for the correlation between each active ingredient tested. Low to highly significant correlation coefficients were observed between fungicides and PGRs ( Table 5 ). The EC 50 values of all DMI active ingredients were highly correlated (P < 0.0001) with one another and most were highly correlated with the dicarboximide active ingredient iprodione and two PGRs (flurprimidol and paclobutrazol). The EC 50 values of propiconazole, triadimefon, myclobutanil, and tebuconazole showed a significant correlation to the EC 50 values for the dicarboximide active ingredient vinclozolin; however, metconazole and triticonazole were not significantly correlated with vinclozolin. EC 50 values of the carboximide (boscalid) were not significantly correlated with any active ingredients except for the dicarboximide active ingredient iprodione (P < 0.049). Trinexapac-ethyl EC 50 values were significantly correlated only with propiconazole, metconazole, and iprodione at the P < 0.05 levels.
Discussion
The isolates used in this study displayed a wide range of sensitivity to the active ingredients tested. Fungicide sensitivity has been associated with prior fungicide exposure, cultural management practices, and differences in intrinsic activity within the same class (19, 23) . Therefore, some variation in fungicide sensitivity within the isolates tested for the 13 different active ingredients was expected. Of greatest interest in this study were trends and correlations among the S. homoeocarpa isolates' response to the DMI fungicides and the type II PGRs.
The results reaffirm previously documented cases of DMI crossresistance based on a strong correlation among the six DMI active ingredients used in the study (Table 5) (16,18,19,24,32,41 ). Golembiewski et al. (16) reported EC 50 values for triadimefon, fenarimol, and propiconazole that were highly correlated and exhibited cross-resistance among one another. Hsiang et al. (19)   Fig. 1 . Linear and quadratic relationships of relative mycelium growth (RMG, %) and concentrations (µg a.i. ml -1 , log 10 ) of trinexapac-ethyl using 58 isolates of Sclerotinia homoeocarpa. found that S. homoeocarpa EC 50 values for myclobutanil and propiconazole represented the highest correlation, followed by tebuconazole and fenarimol. In contrast to Golembiewski et al. (16) and the current study, Miller et al. (27) found a significant positive correlation among log 10 EC 50 values for propiconazole, fenarimol, and myclobutanil but not triadimefon. Correlations among the PGR and DMI EC 50 values in this study indicated a resistance relationship between these two groups of active ingredients. Sterol biosynthesis is a common mode of action for S. homoeocarpa suppression by PGR (flurprimidol and paclobutrazol) and DMI active ingredients (metconazole, myclobutanil, propiconazole, tebuconazole, triadimefon, and triticonazole). Burpee et al. (5) reported that flurprimidol and paclobutrazol had a fungistatic effect on S. homoeocarpa and were likely responsible for reduced S. homoeocarpa infection centers in consecutive years of field trials. McDonald et al. (26) also reported a fungistatic ef- y P values from single-factor analysis of variance determined significant differences between EC 50 means of each active ingredient based on 35 thiophanatemethyl-sensitive and 23 thiophanate-methyl-resistant isolates. z Resistance was measured on the basis of mycelial growth (resistant) or no growth (sensitive) 48 hours after isolates were placed on thiophanate-methyl (1,000 µg a.i. ml -1 ) amended potato dextrose agar medium. fect and reduced S. homoeocarpa severity on plots treated with paclobutrazol during a 3-year field trial. Paclobutrazol and flurprimidol are similar to DMIs in several ways: they share triazole and pyrimidine chemical structures, have a common mode-ofaction targeting sterol biosynthesis, and have a fungistatic effect on S. homoeocarpa. The fact that the log 10 EC 50 values observed in this study showed a high correlation between all six DMI active ingredients and the PGRs flurprimidol as well as paclobutrazol indicates cross-resistance to both groups of active ingredients. There was no evidence that would suggest resistance to DMI fungicides correlated with the PGR trinexapac-ethyl. Golembiewski et al. (15) reported that application of trinexapac-ethyl suppressed dollar spot activity and improved fungicide efficacy, while Stewart et al. (32) and Fidanza et al. (12) reported that trinexapac-ethyl had a neutral effect on fungicide performance (12, 15, 32) . The in vitro assays conducted in this study found no correlation between trinexapac-ethyl and any of the active ingredients tested. Therefore, trinexapac-ethyl is not likely to provide suppression of S. homoeocarpa under field conditions. A possible hormetic effect was detected during in vitro sensitivity testing with trinexapac-ethyl. Hormesis is described as a low-dose stimulation in which sublethal doses of a given compound increase the growth of the target organisms (6) . Enhanced in vitro relative mycelium growth (≥100%) was observed for 54/58 and 34/58 isolates under the concentrations of trinexapac-ethyl at 1 and 10 µg a.i. ml -1 , respectively.
Results of this study not only indicated cross-resistance among DMI fungicides and some PGRs but also multiple resistance to thiophanate-methyl, DMI, and dicarboximide fungicides. This finding supports a previous study which postulated that multiple resistance in the field developed in relation to the timeframe in which the fungicides were originally released (7). Thiophanatemethyl has been used to control fungal diseases on turf since 1968, and resistance to this fungicide class was first reported in the field in the early 1970s (38) . The dicarboximide active ingredient iprodione was then used to control benzimidazole-resistant S. homoeocarpa after the onset of benzimidazole resistance; in 1983, multiple resistance to iprodione and thiophanate-methyl was reported by Detweiler et al. (9) . DMI fungicides have been used to control S. homoeocarpa since the early 1980s; resistance was first reported in 1992 (36) . Multiple resistance to DMI and thiophanatemethyl was reported in 1997 (3). Boscalid was released in 2005 for use on turf, and no reductions in field efficacy of S. homoeocarpa isolates have been reported to date; however, resistance has been reported in pistachio (Pistacia vera L.) (1) . High boscalid EC 50 values of isolates in this study were also reported in other S. homoeocarpa isolates (14) but reduced field efficacy was not confirmed.
Because benzimidazole resistance is quickly selected in the field (21) and is widespread in the United States (22, 29) , golf course superintendants with benzimidazole-resistant S. homoeocarpa populations have relied on other active ingredients for control. The occurrence of isolates with multiple resistance to benzimidazole, DMI, or dicarboximide active ingredients in this study also support the Köller and Wilcox hypothesis (25) that resistance to one class of fungicide can accelerate development of resistance to another class of fungicide. Furthermore, due to the stable fitness of benzimidazole-resistant S. homoeocarpa populations and continued reliance on newer single-site mode-of-action fungicides such as boscalid, multiple resistance to benzimidazole and carboximide classes is likely to develop in the future.
The multiple and cross-resistance by S. homoeocarpa reported in this study agrees with some prior reports (3, 9) . However, correlation between EC 50 values of PGRs and fungicide active ingredients on S. homoeocarpa relative mycelium growth had not previously been reported. Use of the PGRs flurprimidol and paclobutrazol, when applied consecutively or tank-mixed with DMIs, may add to the selection pressure required to develop field resistant populations of S. homoeocarpa; additional research is underway to confirm this hypothesis.
